The diffusion of Si was studied using secondary ion mass spectroscopy and transmission electron microscopy after implantation into GaAs at energies ranging from 20 to 200 keV and at doses ranging from 1 • 10 ~3 to 1 • 10 ~4 cm -2 followed by furnace annealing. Little or no diffusion occurred in the higher energy implants (>100 keV) while, in general, samples implanted at lower energies (< 100 keV) exhibited appreciable dopant redistribution, regardless of peak implant concentration. Both concentration dependent and concentration independent diffusion was observed. Dislocation loop density varied inversely with the amount of diffusion as a function of implant energy. The Monte Carlo computer program TRIM is able to predict the trends of the implant energy dependence of the diffusion by considering the excess point defect dose produced upon implantation. The influence of this excess defect dose together with surface effects on the diffusion of Si is shown to be consistent with a vacancy assisted Si diffusion mechanism.
Silicon has become the primary n-type dopant in GaAs for both high speed digital and optical device applications because it is usually slow to diffuse and easy to implant with convenient sources. However, Si diffusion behavior often seems erratic and irreproducible, sometimes exhibiting little redistribution and sometimes showing significant movement. A recent study 1 has shown that implant parameters, particularly dose rate and substrate temperalure, can have a significant effect on substrate damage and therefore on dopant activation and diffusion. Only by controlling these variables can more reproducible results be obtained. For our experiments, another implant parameter was studied: implant energy.
Previous work 2-5 has observed little to no diffusion for high energy implants of 100 keV or greater. In contrast, other authors 2' 6 have observed significant diffusion using 40 keV Si implants. In addition, high energy implants have exhibited complementary error function-shaped, concentration-independent diffusion profiles 7 while the lower energy implants showed box-shaped, concentration-dependent profiles. As device dimensions decrease and channels become shallower, lower implant energies are required, but the anomalous dopant behavior can significantly alter device characteristics. Thus, it is necessary to characterize the effect of initial implant conditions of energy and dose on the diffusion of Si implanted in GaAs.
Experimental Procedure
Semi-insulating liquid encapsulated Czochralski (100) GaAs with a dislocation density of less than 5 • 104 cm -2 and an average Hall mobility of 6.5 x 1013 cm2/V-s was used. The substrates were solvent cleaned, etched, and then implanted (without a silicon nitride cap) with 2"St at a 7 ~ tilt using energies ranging from 20 to 200 keV and doses varying from 1 • 101~ to 1 • 10 ~4 cm -2. Implantation without a cap is commonly done in order to avoid additional knock-on (recoil implanted) Si atoms in the GaAs. The dose rate ranged from 0.05 to 0.09 ~A/cm 2 which places the samples within a low damage regimeJ '8 One set of samples with varying doses was chosen such that the peak implanted Si concentration matched for the different energies. For the same dose, a lower energy will result in a higher peak concentration; so these samples were used to separate energy effects from concentration effects. After implantation, the specimens were capped with a 1000 A silicon nitride layer using plasma-enhanced chemical vapor deposition (PECVD) and then furnace annealed in flowing forming gas for 1 or 8 h at 800~ After the silicon nitride was removed with concentrated hydrofluoric acid, secondary ion mass spectroscopy (SIMS) was performed using a CAMECA IMS-4f spectrometer with a 14.5 kV, 0.1 ~A Cs + primary ion * Electrochemical Society Active Member.
beam. Some samples were also analyzed by transmission electron microscopy (TEM) usng either a JEOL 200CS or a JEOL 4000FX instrument. The plan-view specimens were jet etched from the back side using a 5 % bromine-methanol solution. Bright-field micrographs were taken using a g220 two-beam condition.
Results and Discussion
Diffusion results.--The samples clearly showed implant energy dependent diffusion. Typical profiles for one dose at different implant energies are shown in Fig. 1 . For the higher energy implants of 120 keV and greater, little or no diffusion occurred. Dopant redistribution increased as the implant energy decreased to 40 keV, and below 40 keV, the diffusion of Si remained approximately constant or increased. At the longer annealing time (8 h), the samples implanted at lower energies definitely exhibited the most diffusion, corroborating the results of Fig. 1 . Figure 2 shows the effective diffusivity vs. implant energy for samples with doses chosen to give the same peak concentration. It indicates that the greater amount of diffusion seen in the samples with a low dopant implant energy is not simply the consequence of a higher peak cortcentration. The results are similar to those of Fig. I where the samples with the two lowest implant energies showed the most diffusion while those implanted with the highest energies exhibited negligible diffusion. The effective diffusivity, De~, of Fig. 2 was derived from the equation x = qDo~t where t is the annealing time in seconds and x is the average amount of dopant redistribution between the as-implanted and annealed profiles in centimeters. (The difference between the implanted and annealed profiles on the substrate side of Rp, the projected range, was measured at various concentrations and averaged. Thus, for a 20 keV, 2 • 1013 cm -2 implant annealed for 1 h, the diffusion length, x, was measured as 0.011 ~m, yielding an effective diffusivity of 3.4 • 10 -16 cm2/s,) This simplistic approach was utilized for the purpose of illustrating the qualitative trend of the diffusion results.
Two types of diffusion were observed in the experiment: concentration dependent and concentration independent diffusion. Past work 9 utilizing As overpressure and superlattice disordering experiments suggests that Si diffuses by a triply negative Ga vacancy mechanism. This indicates that Si diffusion should be electron concentration dependent, or Si concentration dependent if that is the only dopant (when the electron concentration, n, is greater than the intrinsic carrier concentration, hi). For high doses, the implanted Si does not fully activate, limiting the electron concentration to a maximum of (2-5) • 1018 cm -3. 10.11 However, for the lower doses in Fig. 3 , the box-shaped profiles and the extent of diffusion as a function of dose do indicate a diffusivity proportional to the electron concentration. In fact, these profiles can be modeled using a Fermi-level, (n/ni) z dependence and a diffusion coefficient of 4.2 • 10 -~8 cm2/s for an 8 h, 800~ anneal. Other work 2 has also found a dependence on (n/n~) ~ and has shown that triply negative, not doubly negative, Ga vacancies can still be the dominant defect for diffusion despite the apparent discrepancy. It should also be noted that for a majority of the energies, especially at the longer annealing times, higher doses showed more diffusion than lower doses (Fig. 3) . However, same depth as the peaks of the 20 and 40 keV implants. Thus, the variation in the amount of diffusion over the energy range studied, together with the presence of both equilibrium and nonequilibrium behavior, suggests that the effect of implantation damage is important.
TRIM simulations.--In order to assess the implantation damage, the Monte Carlo computer program Transport of Ions in Matter (TRIM) ~2 was used. TRIM assumes that the target GaAs is amorphous, and since implantation was not performed through a cap, sputtering of the GaAs by the ionized Si was allowed. Sputtering occurs when either primary ions or cascade atoms eject target atoms creating additional vacancies ~3 which can either recombine with the lattice interstitials o~ take part in ion diffusion. An incident ion is able to sputter one or more target atoms; a TRIM calculation shows that for a 40 keV Si implant into GaAs, the number of excess Ga vacancies approximately doubles by accounting for sputtering effects. Because higher energy ions penetrate deeper into the substrate, there is a reduced probability of a lattice atom being knocked out of the material. Hence, as implant energy is increased, the amount of sputtering is expected to decrease. This change in point defect concentrations as related to damage has recently been used in Si to explain dopant diffusion as a function of implant energy. ~4'~5
Since the defect believed to be primarily responsible for Si diffusion in GaAs is the Ga vacancy, only point defects on the Ga sublattice were considered in this study. TRIM produces vacancy and interstitial populations, and by assuming Frenkel pair recombination, net defect numbers can be generated. After integrating these figures and then assuming fast diffusion and recombination of point defects, the result is an excess "dose" of Ga vacancies or interstitials from implantation. Figure 5 presents the point defect dose as a function of implant energy for a 1 • 1014 cm -2 Si ion dose. Though limitations of the TRIM modeling prevent absolute defect dose determinations from being accurate, the trends are nevertheless valid. At the lower energies, TRIM predicts excess vacancies to be present, facilitating Si diffusion. As lower energies are used the vacancy con: centration increases, leading to increased diffusion. At higher energies the dominant defects are interstitials, so that little or no diffusion should occur under these conditions. If this is compared to the corresponding diffusion data of Fig. 6 , for low energies, the effective diffusivity decreases as the vacancy dose decreases. At 200 keV, the diffusivity is negligible and the excess defect dose is composed of interstitials. Similar comparisons can be made between the TRIM calculations of Fig. 7 and the diffusion results of Fig. 2 for samples with the same as-implanted peak concentration.
Although the TRIM calculations do fit most of the results obtained, some discrepancies do exist between the TRIM predictions and the actual experimental data. For instance, the TRIM results (Fig. 5) imply that the 120 keV implanted samples should exhibit no diffusion when in fact they did at higher doses (Fig. 6 ). This inconsistency is most likely the consequence of TRIM only being linearly dependent on dose. Also, TRIM predicts that diffusion should be greater for the 20 keV rather than the 40 keV which is true after the 1 h anneal; however, at the longer annealing time, dopant redistribution for the 20 keY implant was less than that for the 40 keV implants, This may be attributed to surface effects, as the 20 keV implants are the closest to the surface of the substrate which can act as a sink for the vacancies. If the vacancies are lost to the surface, more interstitials will be present leading to less Si diffusion. The time dependency of the behavior suggests that excess defects from implantation may dominate initially, while at longer times surface recombination plays a greater role.
TEM results.--In addition to the use of TRIM for theoretical correlation with the diffusion results, TEM was used to determine if the extended defects due to ion implantation after annealing were also related to the diffusion results. Other authors I~ have suggested that implant energy, dopant diffusion, and dislocation formation may all be interdependent. To test this, two sets of samples were analyzed: (i) samples implanted at various energies with a constant dose, and (if) those implanted with a constant peak concentration. Figure 8 shows three TEM plan-view micrographs for the samples implanted with matching peak concentrations at three different energies and annealed for 1 h at 800~ The defect density after annealing was observed to exhibit a definite dependence on implant energy as shown in Fig. 10 . As summarized in Fig. 9 and 10, the extrinsic, Type I ~6 dislocation loop density increases with implant energy, thus showing an inverse relationship to the TRIM and diffusion data of Fig. 2 and 5 through 7. The TEM data is especially interesting since it shows a jump in dislocation The TEM results suggest that the dislocation loops, which are presumably due to interstitials (based on the fact that they are extrinsic) and whose number are therefore proportional to the net interstitial population, may be forming during annealing as a reaction to deereased vacancy concentrations. Due to vacancy-interstitial recombination, one would expect an inverse relationship between vacancy and interstitial concentrations. This is consistent with the notion of Si diffusion via Ga vacancies since little diffusion was observed at the higher implant energies where high dislocation densities were present. Although this and other work 17 imply that the dislocations may only be reacting to vacancy concentrations, further work is necessary to clarify the effect of dislocation loop kinetics.
Additional work now in progress should further verify these findings and investigate the observed anomalies. Also, the point defect information derived from TRIM is being used with SUPREM-IV.GS, 18 a semiconductor process simulator, to model the diffusion profiles.
Summary
The diffusion of ion-implanted Si in GaAs was studied as a function of implantation energy as well as dose. For ira-plant energies less than 100 keV, dopant redistribution increased with decreasing energy, peaking at 40 keV, regardless of peak implant concentrations. For higher implant energies, little or no diffusion occurred. Nonequilibrium, concentration independent profiles were observed for most energies and doses, except for the 40 keV samples which, at long annealing times, had profiles more typical of equilibrium, (n/n~) 2 dependent profiles. The large differences in diffusion behavior at different implant energies are thought to be due to implantation damage, and TRIM simulations were used to evaluate this aspect. By allowing sputtering of the GaAs matrix by Si and assuming fast point defect diffusion and recombination, the data from TRIM was used to calculate an excess dose of defects induced by implantation. Thus, by considering the type and magnitude of the defect dose, with a few exceptions, the trends in the dopant diffusion can be matched to the trends in the defect dose. Transmission electron micrographs showed that the density of dislocation loops formed during annealing increase with implant voltages and are inversely proportional to the results of the defect dose calculations and the SIMS concentration profiles. This is consistent with both the TRIM simulations and the diffusion results based on a vacancy mechanism for Si diffusion. Also, as might be expected, surface effects are prominent in samples with shallow implants using no capping layer during implantation. The present work should aid in the design and processing of GaAs devices requiring Si implantation especially those needing very shallow n-type regions.
